The rapid growth and early development period of the dual-scale surface topography was studied on the adaxial leaf surfaces of two aspen tree species with non-wetting leaves: the columnar European aspen (Populus tremula "Erecta") and quaking aspen (Populus tremuloides). Particular attention was focused on the formation of micro-and nano-scale asperities on their cuticles, which was correlated with the development of superhydrophobic wetting behaviour. Measurements of the wetting properties (contact angle and tilt-angle) provided an indication of the degree of hydrophobicity of their cuticles. Scanning electron microscopy and optical profilometry micrographs were used to follow the growth and major morphological changes of micro-scale papillae and nano-scale epicuticular wax (ECW) crystals, which led to a significant improvement in non-wetting behaviour. Both species exhibited syntopism in the form of small and larger nano-scale ECW platelet morphologies. These findings provide additional support for earlier suggestions that due to fluctuations in leaf hydrophobicity throughout the growing season, canopy storage capacity may also vary considerably throughout this time period.
Introduction
Recent research efforts have focused on the characterization and understanding of non-wetting (Contact Angle (CA): 110˚ -150˚) and superhydrophobic (CA ≥ 150˚) leaf surfaces which repel water droplets, allowing them to remain essentially dry (e.g. [1] - [8] ). The classification of leaf hydrophobicity has been well articulated in the literature; leaves possessing a contact angle between 90˚ -110˚ are characterized as wettable, while non-wetting leaves can be classified as either non-wettable (130˚ ≥ CA ≥ 110˚), highly non-wettable (150˚ > CA ≥ 130˚) or superhydrophobic (CA ≥ 150˚) (i.e. [5] [9] ). These leaves are covered by a thin hydrophobic waxy cuticle that acts as a multi-functional barrier between the plant and its external environment [10] . The cuticle, typically 0.1-10 μm in thickness, is a composite material which is comprised of a biopolyester matrix (cutin) with embedded intracuticular wax (ICW) lipids and an external layer comprised of protruding nano-scale epicuticular wax (ECW) morphologies which collectively repel water [11] [12] . Non-wetting and superhydrophobic leaf surfaces in particular often possess a unique hierarchical surface roughness; a combination of micro-scale papillae and nano-scale ECW morphologies, which act to inhibit wetting. This unique property was first discovered on the Lotus Leaf plant, which has the ability to emerge perfectly dry and clean following immersion in dirt contaminated waters [13] and is therefore termed as "The Lotus Effect" [1] .
It has been suggested in numerous studies that the chemical composition of the ECW layer dictates the morphological type of these nano-scale asperities on the leaf's surface [14] - [17] . Even the slightest variations in chemical composition of wax constituents, for example, due to environmental changes, can result in the formation of inherently different wax morphologies [16] , a principle known as "polymorphism" [2] . Nano-scale ECW asperities show "syntopism" when there is the occurrence of different wax crystalloid morphologies on neighbouring epidermal cells (micro-scale papillae) or one cell surface. It has been suggested that the shape and size of these morphologies are pre-determined by the nature of the intrinsic properties of these precursor wax molecules [14] [17] .
Leaves from the aspen (Populus) species, were selected as a prime candidate for our study due to their unique biological significance. For example, it has been recently demonstrated [18] that the canopy storage capacity, or the amount of water retained following rainfall, post-drip and in the absence of wind, of quaking aspen and several other tree species native to Colorado is influenced by the degree of leaf hydrophobicity. Specifically, leaf surface storage and hence canopy storage capacity, are lower in leaves with greater hydrophobicity [18] . Aspen trees are among the most widely distributed trees in North America. Especially, quaking aspen and bigtooth aspen are known as pioneer trees that are first to regrow after forest fires, logging or in abandoned areas [19] [20] . Only recently has it been shown that both species have superhydrophobic leaf surfaces which facilitate easy water roll-off due to dual-scale hierarchical surface structure with ECW crystals [6] [8] [18] [21] . This water-repelling property is further enhanced by the flattened petioles on both species which allow the leaves to tremble in the slightest breeze [19] due to the reduced bending moment of the petioles compared with more rounded or rectangular petiole geometries [6] . Additionally the high degree of water repellency on these leaf surfaces may be functionally important in promoting higher photosynthetic efficiency during prolonged rainfall, as well as increasing water availability to their root systems [5] [18] [22] .
Recent studies have reported on the significant changes in the surface morphology and wetting characteristics of several superhydrophobic and hydrophobic leaf surfaces throughout the growing season [8] [24] . Several of these studies have provided a possible link between various environmental stress factors such as temperature, relative humidity, wind and rain and the degradation of nano-scale wax crystals which ultimately resulted in the loss of superhydrophobic properties and onset of wettable leaf surfaces late in the growing season. This loss of superhydrophobicity may have important implications on canopy storage capacity, as decreases in leaf hydrophobicity could result in increased canopy and leaf water droplet storage and therefore potentially decreased hydrological inputs into the watershed as a consequence [5] [18] . Victor and Erb's study [21] was done on the surface structure of superhydrophobic quaking aspen (Populus tremuloides) leaves which was also successfully used as a biological blueprint to make superhydrophobic polymer surfaces by a template-type structure imprinting approach [7] [25] . However, the leaf surface characterization research did not address the initial development of the superhydrophobic properties in the early leaf growth stages, especially the formation of microand nano-scale morphologies on quaking aspen leaf surfaces. The current study provides a follow-up to this work and serves to investigate the early season formation of dual-scale surface topography and corresponding changes in wetting behaviour during this developmental period.
Currently, there is a great deal of literature in the field of materials science dedicated to enhancing our understanding of the ways in which water droplets are repelled off various surfaces; these findings provide inspiration for the development of future artificial water-repellent materials and coatings [3] . However, it has been suggested that the significance of leaf hydrophobicity on canopy storage capacity is a largely unexplored topic in ecohydrology [5] [18] . The aim of this particular study is two-fold: firstly, to determine how the early season formation of micro-scale papillae and nano-scale epicuticular wax morphologies present on quaking aspen leaf surfaces result in pronounced changes in leaf hydrophobicity, and secondly to tentatively link these findings with their potential influence on ecohydrology, specifically consequences on canopy storage capacity as previously mentioned. In addition to the quaking aspen, a second closely related aspen species, the columnar European aspen (Populus tremula "Erecta") which has not been previously studied in this context to our knowledge, is included in this investigation.
Materials and Methods

Sample Preparation
All leaf samples were collected three times per week during their initial growth and development period (April 18 th -May 21 st , 2012) from trees in two wooded areas. Columnar European aspen (CEA) leaves were collected at the University of Toronto (Toronto, Ontario, Canada) in a garden plantation (N43˚39.56', W079˚23.55') while quaking aspen (QA) leaves came from a forest near Peterborough, Ontario, Canada (N44˚12.24', W078˚23.23'). For both species all leaves were collected from one particular branch on the same tree at a height of less than 10 feet. The age of the trees was at least 15 and 10 years for columnar European and quaking aspen, respectively. All leaves were air dried, cut and mounted onto 1'' × 1'' Plexiglass™ coupons using double-sided carbon tape for wetting property measurements on their adaxial surfaces, and subsequently carbon coated for electron microscopy analysis. Additionally, leaf size measurements were recorded to compare the growth of leaf samples with growth of cuticular surface features (micro-and nano-scale asperities). A ruler was used to measure the length parallel and perpendicular to the petiole for a minimum of six leaves on each collection date. The average size and its standard deviation were recorded.
Wetting Properties
Both static and dynamic wetting properties of adaxial leaf surfaces were measured and correlated with the initial growth of micro-scale papillae and nano-scale epicuticular wax (ECW) morphologies. Static wetting properties were analyzed by measuring the contact angle (CA) created between sessile water droplets and the leaf surface. In addition, the tilt-angle (TA), or relative inclination angle for water droplet roll-off was measured. Note that the standard deviation (+/−) was also included for all wetting property (CA and TA) measurements. For CA measurements, leaf samples were aligned with a high resolution digital camera (Nikon D3000) equipped with a macro-lens (Nikon AF-S Micro Nikkor 40 mm), which was situated on a tripod and used to capture images of no less than four 5 μL droplets in various positions on each aspen leaf surface. Micrographs were analyzed using ImageJ software for contact angle measurements [26] . Tilt-angle measurements were completed using a controlled tilting-stage and 25 μL water droplets.
Surface Characterization
The surface morphology development of aspen leaf surfaces was captured by Scanning Electron Microscopy (Hitachi S-4500 Cold-Field Emission SEM). Micrographs were taken at a sample tilt angle of 55˚ in order to clearly distinguish variations in surface morphology. Characterization of nano-scale roughness asperities was completed using high magnification SEM micrographs to estimate the average height (perpendicular to leaf surface) and length (parallel to leaf surface) of both: i) shorter nano-scale crystals, as well as ii) larger elongated nano-morphologies during the initial growth period.
Optical Profilometry (WYKO NT-2000 with Wyko Vision 32 Software) was utilized to image 2-D and 3-D topographical surface plots of each leaf surface and detect changes to the size and shape of micro-scale features during the early stage growth phase. Using X-Y surface plots, the average peak to valley (p-v) height (μm) and micro-scale feature base diameters (μm) were measured. In order to obtain meaningful averages, a minimum of five micro-features were measured for each leaf specimen in both the X and Y directions, and at least two leaf specimens were analyzed per collection date. The standard deviation for all measurements was also included. , 2012. Figure 1 shows a progression of optical micrographs of water droplets, demonstrating the various stages of wetting on columnar European aspen leaf surfaces during this rapid growth period taken on April 27, May 7 and May 21, respectively. The first image (Figure 1(a) ) illustrates a wettable surface captured in the very early stage of the growing season, which displayed a contact angle of 91˚ ± 3˚, with a characteristic semi-spherical droplet shape. The second image (Figure 1(b) ) was captured 10 days later, and demonstrates an increase in hydrophobicity to a non-wettable state, with CA = 125˚ ± 5˚. Finally the third image (Figure 1(c) ) provides evidence that the leaf surface has attained a superhydrophobic wetting state, with a measured CA of 151˚ ± 2˚.
Results and Discussion
The wetting properties (contact angle and tilt-angle) of columnar European and quaking aspen leaf surfaces measured during their initial growth and development period (spanning from April 18 th to May 21 st ) are shown in Figure 2 . Wetting properties were also correlated with leaf growth as seen in were characterized by a ramp up in CA from a slightly hydrophobic surface (94˚) to a superhydrophobic state (160˚), which occurred over a 9 day period (May 5 th to 14 th ). This trend correlated with a simultaneous decrease in TA (as high as 18˚ to as low as 6˚), over the same timeframe. In addition, leaves were found to grow in both parallel (19  45 mm) and perpendicular (from 17 to 47 mm) dimensions relative to the petiole (Figure 3(a) ). Columnar European aspen leaf surfaces showed two distinct phases in regards to their initial growth behaviour. Firstly, as shown in Figure 2 , they experienced an early steady state non-wettable behaviour with no distinct increase/decrease in their contact and tilt-angles respectively (April 18 th to May 2 nd ). During this period leaves showed a relatively low growth rate parallel or perpendicular to their petioles (Figure 3(b) ). Secondly, adaxial surfaces exhibited a ramp up in CA from a wettable (92˚) to a superhydrophobic wetting state (151˚) which correlated with a simultaneous decrease in TA (from 58˚ to 7˚) over a 19 day period (May 2 nd to 21 st ). This ramp up was also positively correlated with growth of leaf samples in both parallel and perpendicular directions (Figure  3(b) ).
Quaking and columnar European aspen adaxial leaf surfaces experienced a similar trend in wetting properties, as was highlighted in Figure 2 . Both species demonstrated a ramp up in contact angle from weakly hydrophobic (CA ≅ 90˚) to superhydrophobic. However the quaking aspen attained superhydrophobicity of its adaxial leaf surfaces in a shorter time period (9 days) in comparison to the columnar European aspen (total of 32 days) and showed no initial steady state non-wetting period. The similarity in their ramp up from weakly hydrophobic to superhydrophobic behaviour may be attributed to the fact that these species are closely related [27] ; the quaking aspen's Latin name (P. tremuloides), is an indication of its resemblance to the European aspen (P. tremula) [28] . Moreover, quaking and columnar European aspen trees separately, exhibit a high level of inter-genetic variability amongst species [29] , which may explain the significant difference in the duration of ramp time to superhydrophobicity. It is interesting to note that the columnar European aspen's leaf morphology (large regularly spaced coarse-toothed serrations on leaf margin) better resembles the bigtooth aspen than the closely related quaking aspen leaf, which is characterized by much finer toothed serrations on its edges.
Micro-Scale Roughness Characterization
Optical profilometry results related to micro-scale papillae roughness for columnar European aspen and quaking aspen are summarized in Table 1 and Table 2 respectively. Results show the correlation between growth of micro-scale papillae in the vertical and horizontal dimensions, represented by the peak to valley (p-v) height and base diameter values, to the measured wetting properties during the leaf expansion period for both species: May Figure 4 illustrates a progression of images which show the growth stages of micro-scale papillae for both columnar European (Figures 4(a)-(c) ), and quaking aspen (Figures 4(d)-(f) ) leaves. Please note that scale levels are different in Figures 4(a)-(f) , in order to bring out details of the surface structure. In regards to columnar European aspen leaf surfaces, the first image (Figure 4(a) ) was captured on the first day of leaf development (April 18th). The 2-D and 3-D surface diagrams illustrate a relatively flat cuticle surface topography without any prominent micro-scale papillae features. Also the topographic images show that sub-micron roughness features seem to form on isolated islands (larger in scale than typical micro-papillae features, see Figure 4 (a) and Figure  4(b) ) and may expand or stretch during leaf growth, although little is known about the exact details of this mechanism. The middle image (Figure 4(b) ) was captured prior to the rapid increase in hydrophobic wetting behaviour (May 2 nd ) showing the formation of irregular shaped micro-papillae. The final image (Figure 4(c) ) was captured on May 14 th and shows the continued growth of papillae into their well-defined structure over the cuticle surface. Quaking aspen leaf surfaces, experience a similar trend in regards to their micro-morphological development. The first image (Figure 4(d) ) captured on the first day of leaf development (May 5), illustrates a relatively flat cuticle. The middle image (Figure 4(e) ) was captured just three days later (May 8) during the phase characterized by a rapid increase in hydrophobic wetting behaviour. Finally the last image (Figure 4(f) ) was captured on May 17 th , and shows the continued growth of papillae into their well-defined structure over the superhydrophobic cuticle surface.
Nano-scale Roughness Development of Superhydrophobic Cuticles
The surface morphology development on the nano-scale of columnar European aspen leaf surfaces was further ). Plate 1 illustrates the four major morphological changes to the leaf's surface during this period of leaf expansion (Plates 1(a)-(h) ), each at low (left) and high (right) magnifications.
The first stage of development was captured on April 25, where leaves exhibited a relatively flat surface topography (Plate 1(a) and Plate 1(b) ). SEM micrographs show little surface roughness over large areas. The low magnification micrograph (Plate 1(a) ) clearly shows the presence of a rare stoma on the upper leaf cuticle. Leaf surfaces were determined to be slightly hydrophilic in nature (CA = 86˚) with high tilt-angle (TA = 65˚) at this stage.
The second stage of growth, captured on May 4 th (Plate 1(c) and Plate 1(d)), demonstrates the development of micro-scale papillae and nucleation of sparsely distributed nano-scale ECW crystals on top of micro-scale papillae, typically 100 -300 nm in thickness at the top and up to 500 nm at the bottom. Optical profilometry results (Table 1) show that papillae have grown vertically and horizontally to an average base diameter of 11.5 μm and peak to valley height of 2.1 μm. This dual-scale surface structure is correlated with a slightly higher contact angle (CA = 109˚).
On the third stage of leaf surface structure development (captured May7 th ), an increased density of nano-scale ECW platelets atop micro-scale papillae is observed (Plate 1(e) and Plate 1(f)). While their thickness remained relatively constant, ECW nano-crystals grew in height (452 nm) and length (659 nm), during this period ( Table  1) . There is also an increase in papillae size (base diameter = 15.8 μm) while pitch remains relatively constant (peak-valley height of 2.2 μm), as seen in Table 1 . These changes were correlated with improved non-wetting properties (CA = 125˚, TA = 22˚).
Finally the fourth stage of development (captured on May 14) displays evidence of syntopism [2], specifically co-existence of small nano-scale ECW platelet morphologies and larger nano-scale ECW platelets with irregular edges, also about 100 -300 nm thick (Plate 1(g) and Plate 1(h)). Smaller, short nano-crystals were character- rized by an average height and length of 591 and 636 nm, respectively (Table 1) , while the elongated ECW platelets were much larger in both average height (1.1 μm) and length (2.9 μm). This surface topography resulted in improved hydrophobicity (CA = 144˚, TA = 4˚). The surface morphology development of quaking aspen leaf surfaces was also characterized using SEM during early season leaf development ( following bud break. SEM Micrographs show a relatively flat leaf surface and the absence of well defined micro-scale papillae and nano-scale ECW morphologies. As a result, the wetting properties were found to be wettable in nature (CA = 94˚). Five days following initial bud break (May 8), micro-scale papillae had developed together with nucleation of superimposed nano-scale ECW morphologies (330 nm in height and 420 nm in length, Table 1 ). Optical profilometry observations presented in Table 2 demonstrate that micro-papillae are relatively short, with average peak-valley height of 2.9 μm and average base diameter of 11.4 μm. These morphological changes support an increase in observed CA (119˚) due to the beginning of a dual-scale hierarchical roughness formation.
On May 11, there is a further improvement in non-wetting behaviour (CA = 134˚) which can be attributed to an increase in average micro-papillae size (p-v height = 4.7 μm, base diameter = 14.1 μm, Table 2 ) and potentially nano-roughness. SEM micrographs revealed nano-scale wax crystals with increased height (452 nm) and length (549 nm) ( Table 2 ). This suggests the increase in both micro-papillae and nano-crystal size may contribute to enhanced hydrophobicity observed. More surprisingly, the observed TA has reduced significantly (from 17˚ to 6˚) within a 3 day period, which implies the increase in papillae size may also have a significant effect on the leaf's non-wetting behaviour.
Finally, the fourth stage of growth, captured on May 14 (Plate 2(c) and Plate 2(d)), is characterized by significant changes in nano-scale ECW morphologies, leading to the development of a cuticle surface with superhydrophobic wetting properties (CA = 160˚). High magnification SEM micrograph (Plate 2(d) ) reveal the co-existence of small nano-scale ECW platelets with average height and length of 527 and 521 nm, respectively, (see Table 2 and Plate 2(d)) as well as larger nano-scale ECW platelets with irregular edges (on average 1 μm in height and 3.4 μm in width, Table 1 ). This co-existence of differing ECW platelet morphologies suggests the quaking aspen leaf also presents evidence of syntopism and the final structures of columnar European aspen (Plate 1(h)) and quaking aspen (Plate 2(d)) look indeed very similar. Finally, optical profilometry measurements on this date indicate a further increase in average papillae size (p-v height of 6.1 μm and base diameter of 17.8 μm, Table 2 ).
In summary, SEM micrographs were used to correlate the development of micro-and nano-scale roughness asperities with ramp up in non-wetting behaviour. Not surprisingly, quaking and columnar European aspen also showed similarities in their initial stages of growth and development. Within a short period of time, micro fea-tures began to form, grew in size and nucleated nano-scale ECW nanocrystal and platelet morphologies superimposed on micro-scale papillose epidermal cells. The nucleated crystals grew in size and populated densely, which was followed by the formation of secondary nano-scale ECW platelets, providing evidence of syntopism. The increase in nano-crystal height and length observed on the surfaces of both columnar European and quaking aspen leaf cuticles, in conjunction with micro-papillae growth, positively influenced the non-wetting behaviour. In addition, co-existing elongated nano-scale ECW platelets were shown to improve the non-wetting behaviour of inherently hydrophobic leaf cuticles.
The exact mechanisms for nucleation and growth of the ECW morphologies are not known in the context of the studied leaf specimens. Various mechanisms have been suggested in the literature [10] [14] [16] [30] , although to date no one theory has been accepted as universally applicable. One report has proposed [16] that wax generation and regeneration may occur by the simultaneous movement of waxes and water vapour through the cuticular membrane to its outer layer. The mechanism for growth of the nano-scale ECW morphologies is suggested to stem from a self-assembly of wax precursor molecules with a given chemical composition [17] , which form crystalline wax morphologies through a layer-by-layer self-assembly process.
The aim of the current study was to address this issue from a morphological point of view. It was found that the early season formation of dual-scale surface topography on both quaking and columnar European aspen leaf surfaces resulted in a ramp up from wettable to superhydrophobic leaf wetting behaviour. These findings in conjunction with previous results [8] [ 21] , demonstrate that superhydrophobic leaf surfaces may very well experience significant changes in leaf hydrophobicity over a growing season. Therefore, this suggests that canopy storage capacity may also in fact vary quite considerably throughout the year.
Varying wetting characteristics due to leaf surface morphology changes during the leaf lifetime is also important to consider in studies that attempt to relate stomata density of leaves and their corresponding wetting angle, both on adaxial and abaxial surfaces. An earlier hypothesis that stomata density is strongly correlated with wetting angle [31] - [33] has more recently been questioned in an extensive study [34] which shows that statistically such a relationship does not exist. Perhaps future studies in this area should consider at what time throughout the year the wetting properties are measured.
Conclusion
In conclusion, columnar European and quaking aspen leaf surfaces experienced a similar growth of their microand nano-scale asperities during their early season growth period, which led to the development of their unique superhydrophobic property. The increase in both relative size and density of nano-scale wax crystals was positively correlated with an increase in contact angle and decrease in tilt-angle. Quaking aspen leaf cuticles were found to achieve superhydrophobicity in a shorter time period (9 days) than columnar European aspen leaf samples (32 days). It was also found that syntopism, or the coexistence of ECW morphologies of different size lengths (specifically short nano-crystals as well as elongated nano-scale morphologies), appeared to enhance this unique extreme non-wetting behaviour. This particular study has served to support the importance of hierarchical roughness (at both the micro-and nano-scale levels) for this class of hydrophobic cuticles as an important criterion for the development of superhydrophobic wetting behaviour. Future work within this field of research should focus on characterization of changes in ECW chemistry during leaf development, which may help explain how these wax morphologies are developed. Specifically, establishing a link between wax micro/nanomorphology, and the type(s) of chemical constituents present in the ECW layer of each leaf species should be studied. In addition, further studies may also aim to establish the mechanism(s) for the nucleation and growth of ECW morphologies.
